The surface impact and collisions of particle-laden nanodrops are studied using molecular dynamics computer simulations. The drops are composed of LennardJones dimers and the particles are rigid spherical sections of a cubic lattice, with radii about 11 nm and 0.6 nm, respectively. Uniform suspensions of 21% and 42% particle concentrations and particle-coated drops are studied, and their behavior is compared to that of pure fluid drops of the same size. The relative velocities studied span the transition to splashing, and both wetting/miscible and non-wetting/immiscible cases are considered. Impacts normal to the surface and head-on collisions are studied and compared. In surface impact, the behavior of low-density suspensions and liquid marble drops is qualitatively similar to that of pure liquid, while the concentrated drops are solid-like on impact. Collisions produce a splash only at velocities significantly higher than in impact, but the resulting drop morphology shows a similar dependence on solid concentration as in impact. In all cases the collision or impact produces a strong local enhancement in the kinetic energy density and temperature but not in the particle or potential energy densities. Mixing of the two colliding species is not enhanced by collisions, unless the velocity is so high as to cause drop
Some aspects of the outcome of a surface impact or collision are evident in snapshots of the intermediate and final states, but further understanding may be obtained from the internal density, temperature, pressure and energy density fields. In an MD simulation, any field expressible in terms of atomic variables may be calculated, and we do so here in order to understand how a drop's initial translational kinetic energy is either distributed within itself or lost to the exterior. Two related issues are the coherence of the drop -the extent to which the solid particles and liquid stay together during and after impact, and the degree of mixing between the contents of the two colliding species and in particular the degree to which it is enhanced by a hard contact. These question are discussed below in terms of the time-dependent species density fields.
The organization of the paper is as follow. A description of the MD procedure, which very closely resembles that in the previous papers [17, 18] , in given next, followed by two sections describing the results of impact and collision simulations, respectively, focusing on a qualitative comparison of shape change. Next, we present a more quantitative analysis of the energy transfer where we analyze the local potential and kinetic energy and temperature fields as a function of time. A similar study of the density fields for the individual atomic species is then the basis for a discussion of the degree of mixing resulting from drop impact, and is followed by our conclusions.
II. MD METHODS
We are interested in spherical drops of a generic uncharged Newtonian liquid containing solid spherical particles distributed uniformly throughout the interior (suspensions) or on the surface (marbles). Since the drops are nanometer sized and subject to strong thermal fluctuations the adjectives "spherical" and "uniform" are necessarily approximate. The 
The Lennard-Jones (LJ) potential V LJ acts between all atoms within a cutoff distance r c = 2.5σ, and the potential is shifted by a linear term δV so that the force vanishes at the cutoff.
The constant c in V LJ adjusts the strength of the attractive interaction; its value is unity for fluid atoms of the same species and for fluid-solid interactions for a liquid which completely wets a solid surface, but is zero for the interaction between atoms of "immiscible" drops and for the fluid-solid interactions of a completely non-wetting liquid. The fluid-particle atomic interaction coefficient is again unity for a suspension, where the fluid completely wets the particles which then prefer the interior of the drop, but we use a weaker value c = 0.75 for the marble case so that the particles are less attracted and prefer the drop surface. This specific numerical value was chosen because it produces a 90
• contact angle for a drop on a planar solid surface. The FENE (finitely extensible linear elastic) potential acts between each pair of atoms in a dimer molecule. Dimers are used in place of monomers because the monatomic Lennard-Jones system has a very high vapor pressure, making it difficult to identify the liquid-vapor interface. The resulting vapor pressure under the operating conditions of the simulations is roughly half an atmosphere. In a previous paper [17] we considered tetramer molecules as well, which have negligible vapor pressure, and showed that in contrast to macroscopic drops [32] the presence of vapor is irrelevant in nanodrop surface impacts. The results here pertain to dimers but the general characteristics of their behavior is expected to be general. When we discuss variations in the local energy density below, the explicit numbers refer to the sum of the LJ and FENE energies in Eq. 1; we are concerned only with energy variation within the drops so that the choice of the zero of energy is irrelevant.
In the remainder of the paper lengths are given in terms of the approximate LJ atomic diameter σ and times in terms of the natural time unit τ = σ(m/ ) 1/2 where m is the common mass of all atoms. Energies are expressed in term of and temperatures in terms of /k B , where k B is Boltzmann's constant. For physical estimates of dimensionful quantities we use LJ parameters for argon, σ ≈ 0.34nm, τ ≈ 2ps and /k B ≈ 120
• .
Fluid atoms move according to Newton's equation with a force given by the gradient of the potentials above, integrated by Gear's method with a time step of 0.0005τ , a relatively small value to allow for the significant collisional velocities. The particle motion is found by computing the net force exerted on the particle's atoms by neighboring fluid atoms, and integrating Newton and Euler's equations for rigid bodies, in quaternion variables [33] .
To prepare the drops, we begin with a cubic lattice of atoms, and first select all atoms within a radius 36σ of a center. Within this spherical region, initial particle centers are located at uniformly distributed sub-lattice sites, and atoms with a radius 2σ of each center are assigned to a particle. ragged appearance when each atom is depicted as a sphere, but an examination of the time-averaged liquid density field around a particle in equilibrium shows that the effective particle is in fact spherical with a radius of approximately 2σ. For liquid marbles, the particle centers are instead located at uniformly spaced positions on the surface of the fluid sphere.
The composite drop is placed at the center of a periodic box of dimensions (X, Y, Z) = (300, 100, 300)σ, and initially given random velocities normalized to a temperature in the solid phase, T = 0.2. The temperature is then ramped up into the liquid-vapor coexistence region at T = 0.8 over a time 100-300τ , using a Nosé-Hoover thermostat. This ramp procedure allows the drop to melt into a well-define liquid sphere surrounded by vapor without violent shape fluctuations. Subsequently, the drop is equilibrated at T = 0.8 until the shape and the average particle distribution stabilize, typically requiring 500-1000τ .
The structure of the drops is displayed in Fig. 1 , where for each case we show a snapshot of a slab of width 10σ through the center along with the total, fluid and particle radial densities n(r), at the end of the equilibration period. The particles in the two suspension drops are approximately uniformly distributed but those in the liquid marble are not, and show some unavoidable spatial variation along the surface. The reason is that the marble particle atoms must have a weaker attraction to the liquid to remain on the drop surface and are consequently more mobile. The only other variable parameter is the surface density of particles, but at lower density they are even more mobile while at higher density they tend to leave the surface. The number of fluid atoms and (32 atom) particles in each drop is given in Table I , along with the nominal radius, defined as the point where the total density falls to half the value at the center. We also indicate the number of atoms and radius of a pure liquid dimer drop used for comparison below. The drop diameters and number of atoms are similar in all cases, but not precisely the same.
For surface impact simulations, a denser slab of fcc solid, with lateral dimensions (X, Z) = (300, 300)σ and one unit cell thickness in Y , containing 147,456 atoms, is placed at the base of the simulation box. These solid atoms are tethered to their lattice sites using a spring of stiffness 100 /σ, allowing small thermal fluctuations in position. The solid is equilibrated at the same temperature T = 0.8 as the equilibrated fluid. Impact is initiated by turning off the fluid thermostat and giving each atom in and near the drop a fixed downward velocity.
The solid temperature is fixed throughout the simulation by the thermostat, corresponding physically to impact on a material of very high thermal conductivity held at fixed temperature. For drop collision simulations, after the fluid has equilibrated, the box is doubled in size and a duplicate atomic system with the same velocities and relative positions is placed in the open region just above the original drop. A further (short) equilibration interval allows the vapor in the region between the drops to mix uniformly, and then the two drops are given equal and opposite velocities so that they collide. The latter instant is defined as t = 0 in the subsequent results.
The Reynolds and Weber numbers for the liquid drop at the collision velocities u 0 studied in this paper, Re = ρu 0 R/µ and We = ρu 2 0 R/γ, are given in Table II . The viscosity µ = 2.80m/στ and the surface tension γ = 0.51m/τ 2 , of the pure fluid are determined in separate simulations of Couette flow and a planar liquid vapor interface for the same liquid drop, as discussed in [17] . The latter paper calculates the sound speed for the dimer liquid studied here, c s ≈ 4σ/τ , and the resulting Mach number M a = u 0 /c s ranges from 0.25 to 0.8. The presence of particles of course alters the viscosity and surface tension of the drops, so these numbers should be thought of as convenient non-dimensionalization of the velocity but not exactly the ratios of accurate physical length or time scales.
In the remainder of the paper we display the results of only a single simulation for each value of particle concentration and impact velocity, but in fact a number of additional cases with small differences in drop size, velocity and interactions were carried out as well. The differences preclude simple averaging of the results, and in any event there are too few runs available to constitute a reliable statistical sample, but the qualitative results described below here are robust in the sense that the behavior is not significantly altered if a different realization of the initial conditions or a small variation in parameters is considered.
III. SURFACE IMPACT
In this section we discuss the impact of particle-laden drops on atomistic solid surfaces which are homogeneous, planar up to thermal fluctuations and are either completely wetting or completely non-wetting to the liquid and solid atoms within the drop. For reference we recall the behavior of pure liquid drops [17] ; a snapshot of the two wettability cases at time 100τ is shown in the left-hand columns of Fig. 2 and Fig. 3 , respectively, for different initial velocities. At u 0 = 1.0σ/τ the drop deforms and spreads laterally after impact without emitting significant vapor. At later times, a drop on a non-wetting surface contracts, lifts off the surface and eventually regains its spherical shape, whereas on a wetting surface the drop after its initial deformation continues to spread but at a much slower rate. At u 0 = 2 the drop initially forms a crown splash and subsequently disintegrates, producing extensive vapor and leaving a ramified pattern resembling spinodal decomposition in the non-wetting case but a fairly well-defined circular puddle on a wetting surface. At u 0 = 3 the drop disintegrates immediately and fills the simulation box with vapor, while the surface is left with tendrils of liquid in the non-wetting case or an irregular puddle on a wetting surface.
At times later than shown in the latter two cases, the vapor becomes uniformly distributed in space (the simulation domain is a periodic box) while the liquid remaining on the surface aggregates into larger droplets.
An example of the time evolution of the impact of a particle-laden drop is given in Fig. 4 , for the case of the 42% suspension falling on a non-wetting surface at u 0 = 2σ/τ .
(Analogous plots for pure liquid drop impact are given in [17] .) After contacting the solid surface a fluid rim forms (20τ ), and then a lamella of fluid and isolated single particles proceeds radially outward along the surface, accompanied by a crown splash (35τ ). The lamella breaks into fragments and particles begin to cluster (50τ ) and then the body of the drop breaks up (75τ ). At 100τ the fragments begin to coarsen, and subsequently the solid structure becomes smoother while the fragments move off. While the time evolution of the drop differs in detail from case to case, we note that the fate of the drop is evident at time 100τ , so we summarize the results of the various impact simulations by displaying their state at this time, in Figs. 2 and 3 for now-wetting and wetting surfaces, respectively.
The behavior of the 21% concentration suspension is rather similar to that of pure liquid, the principal differences being a reduction in the degree of lateral spreading, and a more attenuated surface residue of liquid along with more vapor in the higher-velocity impacts.
At later times, the low velocity drop recoils from the surface and becomes spherical while the other cases continue to produce vapor while their surface residue coarsen. The term We have also considered the situation where there is no attractive potential between the solid atoms in different particles and only a short-distance repulsion. At low impact velocity u 0 = 1.0σ/τ the particles move with the fluid, and the result resembles the 21% case, but at higher velocities the particles shoot out horizontally and accumulate at the edges of the simulation box, so that the drop's disintegration is more violent than at lower particle concentration. A recent experiment observed the ejection of a monolayer of particles in the surface impact of a suspension drop [15] , but in these simulations several particle layers are seen. The contrasting behavior may originate from different interactions as well the size difference, but we do not pursue the matter here.
The liquid marble's behavior is roughly intermediate between fluid and 21% suspension, both in spreading diameter at low velocity and in the amount of vapor produced in faster impacts. The impact tends to dislodge the particles from the drop surface leaving them isolated, because in this case the atomic interactions particle and liquid atoms are weaker than those of the liquid. On the whole, the particles make little difference to the behavior of the drop in impact, and the slightly smaller amount of vapor and surface tendrils generated is the results of having fewer liquid atoms in the original drop.
The 100τ state of the same set of drop impacts on a wetting surface is shown in Fig. 3 .
At the lowest velocity there is an obvious difference in the shape of the rim at the surface:
the drop atoms are now pulled towards the surface to produce a downward rather than upward-facing curvature. Otherwise, all four drop shapes and lateral extent are similar to those on a non-wetting surface. (See [18] for a discussion of low velocity impacts on intermediate wettability surfaces.) When these cases are continued to longer times, the liquid spreads slowly while the particle-laden drops show negligible change in shape. A second qualitative difference with respect to a non-wetting surface is that in all of the higher-velocity impacts a residual circular saucer-shaped liquid puddle remains on on the surface. Both differences simply reflect the attraction of the surface atoms, absent in the non-wetting case. Furthermore, this attraction suppresses the formation and coarsening of the spinodal-like liquid tendrils seen in that situation, by acting to hold the liquid in place.
For either type of surface, at higher impact velocity the particles form smaller droplets mixed with liquid at low concentration, tend to disperse in the marble case because of their weaker attraction to the liquid, and form nearly rigid irregular clusters at high concentration. At times beyond that shown in the figure, the puddles persist and become somewhat more regular, the vapor tends to becoming uniform in space, and in the concentrated suspension the solid clusters tighten up and exhibit some smoothing at the extremities.
IV. DROP COLLISIONS
A head-on collision of two drops has a superficial similarity to a normal collision on a solid surface, in the (continuum) sense that one might imagine that the colliding drops should be mirror images of each other with the mid-plane playing a role similar to that of a reflecting boundary. In reality, the atoms in a solid surface respond to those of an incoming liquid drop in a rather different manner than those in a second drop, and it is of interest to compare the two processes. We first consider the collisions of two drops which are "identical" in an average sense, which is to say they have the same number of atoms and were prepared (equilibrated) in the same way. The two drops would then have the same density, mean radius, interfacial thickness, etc., but distinctly different atomic positions and momenta.
In practice we cheat slightly: we duplicate a single equilibrated drop and translate it to a position just above the original, and then shift the atomic velocities in the two drops by equal and opposite amounts so as to make them collide. Note that the top and bottom of the original drop have relative positions and velocities which differ in detail (although they have the same average) and it is these which control the initial collision process. If instead we had reflected the original drop configuration about a mid-plane before shifting velocities the collision would have involved two unrealistic mirror image drops.
The results of collision simulations of the four types of drop whose surface impacts were considered in the previous section is shown in Fig. 5 , at the same three relative velocities.
When two identical pure liquid drops collide (first column) their respective atoms attract each other and the drops merge. At relative velocity 1.0 and 2.0σ/τ the drops merge smoothly: once the drop's atoms are within interaction range a neck forms and thickens, the drops continue to move towards each other and combine into a peanut shape which subsequently evolves into a prolate ellipsoid, which in turn eventually relaxes to a (larger)
sphere under the action of surface tension. In this case, and also if the solid concentration The same collision protocol for the various particle laden drops gives the states at time 100τ shown in the remaining columns of Fig: 5 . The 21% suspension drops merge smoothly at the lowest collisional velocity but at a much slower rate, going from touch to peanut to sphere (in the figure) to slightly prolate ellipsoid (later), and continues to contract at 1000τ . Relaxation to the final spherical shape requires much longer times. At velocity 2σ/τ , the behavior is similar but the time scale differs: the drops merge and contract into an ellipsoid, and then begin to relax back after 150τ , but remains highly ellipsoidal even at 1000τ . At both of these impact velocities, the particles remain uniformly distributed in the drops' interiors. At initial velocity 3σ/τ , however, a thin disk of merged liquid forms having an irregular rim and with some particle and secondary droplet emission. Subsequently, the edges smooth due to rearrangement and the drop begins to relax to a sphere, but very slowly and again remains highly disk-like at 500τ . Snapshots of the detailed time evolution for this case are shown in Fig. 6 . At still higher collision velocity a thin disk with irregular edges forms, which again develops holes as it expands to each the box boundary and emits small particle clusters.
The 42% suspension again shows a semi-solid behavior. At incident velocity 1.0σ/τ a partial merger occurs in the contact region, leading to a peanut shape after about 70τ , which shows almost no subsequent shape variation aside from a very weak contraction. More precisely, if we examine the location of the center of mass of the original liquid and solid atoms in the two drops, after colliding the average position of the solid atoms hardly changes, whereas that of the liquid atoms contracts very slowly (∼ ±0.05σ/τ ) as they rearrange inside the solid structure. At velocity 2σ/τ the original drops move closer together after contact than in the previous case, leading to a rough oblate ellipsoid, but again nearly freeze in place after 70τ . Here the collision produces an outgoing liquid sheet in the collision plane, which breaks up into droplets. A small rim of particles is carried along and several additional small particle clusters are emitted. At the higher velocity 3σ/τ , the same behavior is more evident, with a stronger emission of particle and fluid along the mid-plane, leaving an irregularlyshaped nearly-rigid suspension drop behind. A simulation at still higher velocity 4σ/τ gives a qualitatively similar result, with more emission and irregularity.
The liquid marble collisions at low velocity 1.0σ/τ allow the particle to remain mostly at the interface, where they have the effect of squeezing the liquid into a thinner and broader disk than a pure liquid drop, presumably due to their inertia, although some particles are knocked loose by the collision. At higher velocities many particles are dislodged from the surface of the drop, and their outward motion broadens and distorts the edges of the liquidfilled disk at u 0 = 2σ/τ and tears it apart completely at velocity 3σ/τ . A recent experiment involved the collision between a moving, densely-covered liquid marble and a second, much larger one at rest [16] . At low velocities the moving marble separates after impact while at higher velocites it is absorbed. However, the system studied is somewhat different from the present simulations; aside from the degree of surface coverage, the experimental marbles are large enough for gravity to play a role in their behavior.
Just as collisions of drops of the same material has a superficial similarity to impact on a wetting surface, we can compare impacts on non-wetting surfaces to collisions between drops of "opposite" material by choosing the atoms of the respective drops to have only a repulsive interaction. In practice we set the coefficient c in Eq. 1 to zero for interactions involving both fluid and particle atoms in the different drops, and repeat the same suite of collision simulations as above. The results, again at time 100τ , are given in Fig 7. The obvious qualitative difference is that the drops stand each other off rather than merge, and even at the highest velocity when the drops disintegrate, the fragments mostly occupy their original half-spaces. A concrete illustration of the collision process for this case is given in Fig. 8 for the case of two "opposite" marbles at relative velocity 2σ/τ . Note that the particles remain attached to the drops until they become severely deformed, and even then only a few are expelled, a quite different behavior from that of a surface impact at this velocity. In most cases the structure after collision has the same general stability as collisions between drops of the same material in terms of the smoothness of the drop/vapor boundary and the degree to which particles are expelled. The principal differences are seen in the mid-plane contact region, which we discuss further in the next section.
V. ENERGY TRANSFER
The translational kinetic energy of a drop is redistributed between the drop and the surface on impact or between the two drops in a collision, but the details of the division between kinetic and potential energy within the drop(s) and energy transferred to the solid is not obvious. Since the simulations track the atomic positions and momenta, the relevant information is available, and in this section we study the local distribution of energy. Since both normal surface impacts and head-on collisions of spherical drops have an ostensible rotational symmetry about the collision (y) axis, we adopt a cylindrical coordinate system (r, φ, y), average all fields over the azimuthal angle φ and consider the energy fields as a function of "height" y and two-dimensional radius r at different times, separately for fluid and particle species. In Fig. 9 we illustrate the coordinate system and the surface elevation format for the subsequent field plots, using the density field (d) for a pure liquid drop in equilibrium as an illustration. Aside from the energy, since we remarked above that the Mach number in these simulations is not small and fluid compressibility may play a role, the spatial variation of density on impact is likewise of interest. Furthermore, the individual species densities provides information on the coherence of fluid and particles and the degree of mixing of the species in the collision case, so in the next section we present the time evolution of the individual species density fields as well. In fact the axial symmetry is approximate at best, and absent in all but a statistical sense in the higher-velocity impacts and collisions, but the fluctuation information lost in this way is of lesser interest. In this section, we give several examples of the evolution of various internal flow fields within the drop and then draw some general conclusions.
We begin with a representative surface impact case, a 42% suspension drop incident on a non-wetting surface at velocity u 0 = 2σ/τ . in Fig. 10 we present the cylindricallyaveraged total density, potential energy, kinetic energy and temperature fields, during the earlier stages of the impact. Corresponding snapshots are given in of the disintegration of liquid drops in impact at this velocity [17] . Note that although the translational kinetic energy is dissipated into the vapor and the thermostat, the temperature is the fluctuation in kinetic energy about the local mean, which decays due to the diffusion of momentum on a longer time scale.
The field plots for the other drop impact cases, as well as those for a drop impact on a wetting surface, are similar in that the qualitative description in the previous paragraph is equally applicable. The one distinction is that for smaller impact velocity the temperature and kinetic energy increases are smaller, and for higher velocity the increases are larger.
However, interesting differences do appear in the analogous plots for drop collisions, shown for two examples in Fig. 11 and 12 for both drops of the same material (21% suspension at u 0 = 3σ/τ ), and opposite or non-attracting materials (marbles at relative velocity u 0 = 2σ/τ ), respectively. Just as in the impact example just discussed, the trends and general behavior of the potential energy plot follows that of the atomic density while the fluid kinetic energy follows the temperature, so we focus on the three energy plots. In collisions of drops of the same material, there is a smooth merger of the drops into a disk, with a small transient rise in potential energy in the merger region but a persistent ridge in the fluid kinetic energy which propagates outward along the mid-plane. The total potential energy is increased by the collision but shows little change subsequently: 6.27 per particle in equilibrium to 7.31 just after contact to 7.66 after 500τ . (The energy is computed as the sum of negative LJ energy and positive FENE energy, and the latter happens to have a larger magnitude.)
The fluid temperature is 0.8 /k B in equilibrium and, similarly, stabilizes at 0.94 at the end of the simulation. The particles all have an initial translational kinetic energy but after colliding most come almost to rest except for those at the edge of the merged drop which move outward to form a saucer before halting. In the case of opposite materials, the fluid energies dip at the mid-plane reflecting the gap between the colliding drops, but the energy distribution is otherwise similar to the previous case.
VI. MIXING
The drops considered here have particles roughly uniformly distributed during the equilibration stage, but given the contrast in mass between the fluid molecules and the solid particles, an impact may produce some relative motion and inhomogeneity. Our analysis is based on computing the probability distribution for the various atomic species as a function of the coordinate y along the impact axis. We begin with the 21% suspension at low impact velocity u 0 = 1.0σ/τ on a non-wetting wall, shown in Fig. 13 . The particle and fluid distributions overlap well just after impact, at maximum spreading and in the early stages of withdrawal from the wall, indicating that uniform mixing is preserved. Even at the higher velocity u 0 = 3σ/τ where the drop disintegrates, fluid and particles remain well mixed: the peaks in the respective distributions always overlap, although there is a higher probability for vapor to occupy the space above the drop. Impacts on a wetting wall likewise show little separation of liquid and particles, although in this case there is always a liquid layer adjacent to the wall. In the denser 42% suspension the behavior is generally similar except for a tendency for liquid to shoot out along the wall ahead of the particles at early times, although the distributions overlap well afterwards. Different behavior is seen in the liquid marble case in Fig. 14: here the particle atoms are relatively weakly bound to the drop and are more prone to separate. The particles shoot out just after impact and are preferentially located near the surface, while at later times after bouncing off the surface they tend to lie above the liquid. The figure illustrates this behavior for the more dramatic case u 0 = 3σ/τ but the same behavior is seen at lower velocities. We conclude that as long as the particle atoms are strongly attracted to those of the liquid (in continuum terms, the liquid wets the particles), uniform mixing is preserved in surface impacts.
A similar analysis of the relative motion of liquid and solid is relevant in drop collisions, and in addition there is the related question of whether there is any enhancement in the rate or degree of mixing of the materials in the two colliding drops. In particular, we wish to contrast the behavior of colliding drops to that of (quasi-static) coalescence where two drops are simply placed in close proximity and allowed to merge spontaneously. To this end, we have also simulated free coalescence by taking the initial configuration of two liquid drops used in the collision calculations and shifting the respective drop atomic positions towards each other so that the tails of their density profiles just overlap. The system was then allowed to evolve freely, with no imposed relative velocities of the drops and no thermostat acting, and after a short transient period the two drops merged smoothly. The evolution of the density pdf as a function of y is shown in Fig. 15 for time up to 500τ : the increasing overlap of the two original distributions reflects the degree of mixing of the drops. The effect of collisions is to increase the speed of this process, as shown in Fig. 16 . When the drops collide with relative velocity 1.0σ/τ , after 500τ the overlap region is twice as wide, even though the drop centers are slightly farther apart. The latter property results from the fact that the collision initially squeezes the drops close together, followed by a partial recoil, and then a decaying oscillation at longer times. At twice the collision velocity, the oscillation is even stronger but at the same time 500τ the distribution overlap is much greater. At still higher velocity, however, the collision produces a thin sheet which develops holes and reaches the edge of the simulation box at 150τ , preventing recoil. Nonetheless, by this time the y-distributions overlap almost completely and the molecules of the original drops are very well mixed. The degree of mixing thus increases monotonically with collision velocity.
Although not the main focus of this paper, there has been extensive recent interest in the time-dependence of the radius of the neck formed when two drops coalesce, which provides an opportunity to compare experiment and asymptotic analysis. This information is available here as a by-product of the coalescence simulation described above, and furthermore we are able to track the growth of the neck radius for colliding drops as a function of time.
The procedure is to examine the radially-averaged density field as a function of r and y, discussed above, and for each y identify the liquid-vapor interface as the value of r when the density equals half the bulk value. Coalescence is taken to begin when this interface radius develops a non-zero minimum between the drop centers, and we plot the minimum value of a function of the time t after coalescence in Fig. 17 . In all cases, ranging from free coalescence to violent collision at velocity 3σ/τ , the neck radius is seen to vary as t
1/2
over one to 1-1/2 decades in time. Not surprisingly, the growth rate itself (the prefactor) increases with impact velocity, roughly linearly. The variation is somewhat irregular at early times, due to thermal fluctuations in shape, until the neck radius reaches a value of around 10σ (neck diameter ∼ 20 atoms). The curves turn over in the case of colliding drops, because there is a residual oscillation after merger. We should emphasize that the behavior shown here pertains to nanodrops, where only about one decade of radius variation is available, and it is possible for other dynamical regimes to be present when larger drops merge [21, 23] . In fact, another MD simulation [29] using a different choice of interatomic potentials found a crossover between the expected linear growth law for the neck radius at early times and t 1/2 growth afterwards. However, we note a recent lattice-Boltzmann study [31] , ostensibly relevant to macroscopic drops, found the same result as seen here, a single square-root growth law for the neck radius.
Returning to the issue of mixing, the same analysis used for liquid drops is applied to the particle-laden drops, where there are now four distributions, for the fluid and particles in each of the two initial drops. A typical example is show in Fig. 18 , for the collision of identical 21% suspension drops at relative velocity 2σ/τ . One sees the degree of mixing of the two drops increasing with time, but at a much slower rate than in the pure liquid case at this velocity. The slower motion of the relatively massive particles presumably slows the mixing process. Another feature to note is that the particles tend to stay with their original liquid, in the sense that for each drop the fluid and particles distributions are nested. The recoil of the drops after impact is also evident in this plot. The same trends are observed at both lower and higher collision velocities for this material, but different behavior is seen in the other drops. The 42% suspension drops distort when they collide, but after some weak initial mixing the y-distribution stabilize. An example at velocity 2σ/τ is given in Fig. 19a at 100τ . After this time there is little change in the spatial distributions, and the drop's behavior is closer to that of a solid. As one would expect, the width of the mixed zone is broader and narrower at lower and higher collision velocities, respectively, but always stabilizes after some initial deformation. In the case of the liquid marble drop, the particle distribution no longer nests inside the fluid distribution, since the liquid-solid atomic interaction is weaker and particles are expelled after collision. Nonetheless the presence of particles still slows the mixing of the liquids, as indicated in Fig. 19b , for velocity 2σ/τ at 100τ . A last variant case is the collision of "nonwetting" drops, whose respective atoms have only a repulsive interaction. Here the y-distributions of the atoms in the original drops remain separated after the collision, as illustrated in Fig. 19c for 21% suspension drops at the same velocity and elapsed time.
We wish to emphasize that while while we have provided detailed information for a only subset of the simulated cases in this section, the stated conclusions concerning the qualitative aspects of energy transfer and mixing are generic, at least within the range of molecular systems studied here.
VII. CONCLUSIONS
We have used MD simulations to study the surface impacts and collisions of nanometersized suspension drops. The range of impact velocities was chosen to span the full range of phenomena from bouncing accompanied by distortion and recovery to violent disintegration, and collision simulations at the same relative velocities provided a direct comparison of the two processes. Only normal impacts and head-on collisions were considered here, but other cases could be easily studied using the same methods. The behavior of four types of drop were compared: pure (diatomic) liquid, homogeneous suspensions of either "low" (21%) or "high" (42%) particle volume fractions and a "liquid marble" with a surface coverage of roughly 40%. We have also carried out simulations for drops with lower volume fractions, but these behave in a qualitatively similar manner to the 21% suspension and marble cases presented here. Highly concentrated suspensions exhibit distinctly different behavior, however, which we have only begun to explore here.
A general conclusion is that the presence of nanoparticles in a drop, either uniformly suspended or coating the surface, does not qualitatively alter its impact behavior unless the solid concentration is quite high. In the former case, corresponding to particles which are strongly wetted by the liquid, changes in spreading radius and rate are seen but the Some further specific conclusions on mixing and energy transfer are as follows.
1. The atomic density does not increase significantly in the contact region as a result of the process. In a wetting impact or a collision of the same materials, the density gap rapidly fills but does not rise substantially in height above the bulk values before impact. In the opposite case of impact on a wetting surface or a collision between atomically repelling materials, a density gap of atomic thickness persists but there is no formation of a higher-density ridge of molecules or particles in the impact regions to either side.
2. In correspondence to the absence of an increase in density, there is no local enhancement in the potential energy.
3. The fluid kinetic energy and temperature both rise locally in the contact region, to a degree that increases with the relative velocity. Much of the kinetic energy dissipates relatively quickly into the thermostatted wall or the bulk of the drop(s) but the temperature enhancement persists over longer times. In surface impact the drop temperature eventually falls to that of the (thermostatted) wall but in collisions the drop temperature can only equilibrate relatively slowly with the low-density surrounding vapor.
4. Collisions are "gentler" than surface impacts, in the sense that significantly higher velocities are required to disintegrate a drop in a collision (u 0 ∼ 3 − 4σ/τ ) than in an impact (∼ 2σ/τ ). A rigid solid surface tends to reflect impinging molecules, causing disruptive hard interactions with those in the interior of the drop, whereas in a collision the molecules in the two drops are relatively free to rearrange themselves locally without causing global changes in the configuration.
5. Drop collisions enhance the rate of mixing of identical drops of liquid, but have only a modest effect in promoting fluid and particle mixing in the suspension case. When the materials are repelling, in the sense of having no atomic attraction, a collision does not promote mixing unless it is so violent as to disintegrate the drops.
The goal of this paper is to identify trends rather than to make quantitative predictions, since few experimental results at this scale are available and furthermore it would be difficult to precisely reproduce the simulated systems experimentally. In a previous paper [18] , we were able to compare (mostly favorably) our results for low-velocity impact nanodrop simulation to experimental and theoretical scaling laws for continuum scale pure-liquid drop spreading. However, such data is not available for the particle-laden case and, in addition, in higher-velocity phenomena such as splashing the nanoscale simulations behave differently than laboratory experiments. A principal reason is that when the impact velocity is chosen to match the laboratory values of Reynolds and Weber numbers where the transition to splashing is found, the small drop size necessitates velocities so high that the Mach number becomes appreciable and the post-impact temperature rises above the liquid-vapor coexistence value. A second issue is that the small size of the drops precludes the appearance of all of the regimes observed in larger systems, which develop on longer space and time scales not present here. The obvious remedy -bigger simulations -is problematic because at least a decade in size variation is required to pin down the scaling characteristics of any flow regime, and a decade increase in drop radius is a factor of 1000 in the number of atoms. MD codes are at best vary linearly in CPU time with particle number, and furthermore bigger systems require longer physical times to develop, so this approach is impractical at present. A more promising means of connecting nano-and larger scale drop phenomena may be the use of coarse-grained fluid mechanical models, such as discrete particle dynamics, but in this case the atomic resolution is absent, and some effort would be required to reliably connect such a model to molecular interactions and structure. 
